This paper presents a cutting-edge optical system for detecting axion-like particles (ALPs) that employs the quantum entanglement of photon pairs created via a spontaneous parametric down-conversion (SPDC) and Primakoff process that converts photons into ALPs in the presence of a magnetic field. The laser beam from the source is first projected through a birefringent crystal where SPDC occurs, converting a single high-energy photon into a pair of low-energy photons. The photons in each pair then flow through a region with an applied magnetic field and eventually arrive at separate detectors known as photon counters. By examining the biphoton correlation using the probability distribution of the photons at the detectors, which varies according to the displacement of the main "pump" photon stream and the change in the number of photons due to the photon-to-axion conversion, the presence of ALPs can be determined. This optical setup enables detection of ALPs with low noise as well as remarkably high precision and sensitivity using quantum entanglement. The proposed technique provides an analytical model and system design for detecting ALPs.
Introduction:
The introduction of Peccei-Quinn (PQ) symmetry leading to the absence of CP violations of the strong interaction [1] [2] [3] has revealed an exotic pseudoscalar particle widely known as axion [4, 5] . These particles are of the PQ symmetrybreaking energy scale . The value of was set based on two theoretical models (KSVZ [6, 7] and DFSZ [8, 9] ) and some constraints from astrophysics [10] [11] [12] [13] and cosmology [14] [15] [16] [17] [18] within the range from 10 9 to 10 12 GeV, which is equivalent to the orders of magnitude of the range of the axion mass from 10 -6 to 10 -3 eV. Modern experiments to detect cosmic axions [19] [20] [21] [22] and solar axions [23] [24] [25] [26] are based on the coupling between an axion and two photons, which is analogous to the conversion of a photon into an axion in the presence of an electromagnetic (EM) field. This is known as the Primakoff process and is indicated by the introduction of the axion-EM interaction Lagrangian:
where is the model-dependent coupling coefficient, which was approximated as 0.36 in the DFSZ model and -0.97 in the KSVZ model, = 1 137
is the fine structure constant, = √2 / is the axion field with axion density = 0.5 / 3 [27] , and = √ [ ( + )] −1 is the axion decay constant of the energy scale where , , , and are the masses of light quarks and , the mass of pion , and the decay constant, respectively (1) . The coupling constant = is thus in the range from 10 -15 to 10 -11 GeV -1
. Another axionsearching method uses the coupling between an axion and a photon, which is achieved via photon-regeneration experiments known as the "light shining through a wall" method [28] [29] [30] [31] [32] [33] . A small fraction of photons in a laser beam converts into axions when the beam passes through the first region with a magnetic field, and the generated axions then convert into photons when the beam passes through the second region magnetic field region. Accordingly, the signal of generated photons can be captured. As this technique requires two conversion processes, the obtained signal is too weak for detection of QCD axions. This technique is more suitable for detecting axion-like particles (ALPs), which have stronger coupling with photons in a similar process. Thus, the energy scale parameter and the mass of ALPs are much less limited than those of axions. Recently, measurements using quantum correlation have been investigated and are expected to yield a high-precision and sensitive method of determining the perturbation in the number of incident photons due to the photon-to-axion conversion process in a magnetic-field-permeated region while remaining minimally affected by noise from the surrounding environment [34] [35] [36] [37] . The quantum correlation is investigated by examining the probability distributions of biphotons or photon pairs that are generated when the laser beam passes through a nonlinear medium, such as a birefringent crystal. At this point, the average of the positions of the two correlated photons in each pair is evaluated at the detectors, rather than the positions of the individual photons. This approach seems to be considerably more precise and reliable than methods involving investigation of uncorrelated photons. Biphoton entanglement is employed in numerous areas of science and technology [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . However, for certain practical applications in experimental high energy physics, such as detection of ALPs, this quantum theory seems to be exotic, although quantum correlation is widely known to improve the accuracy of optical metrology to the Heisenberg scale [49] . Therefore, using biphoton position entanglement in high-precision optics in general and detection of ALPs in particular is expected to yield a wide variety of automatic optical quantum equipment that can achieve Heisenberg-scale accuracy. This paper presents a novel method of signaling the presence of ALPs by projecting biphoton beams through a magnetic-field-permeated region and capturing the change in probability distribution of incident correlated photons with two detectors while shifting the reflecting mirror. The system measures the displacement of the reflecting mirror while the laser beam passes through the magnetic field region. This measurement is based on the quantum entanglement of the biphoton positions by counting the number of correlated photons reaching the left and right sides of the detectors after photon-to-axion conversion. Accordingly, the presence of ALPs can be determined. The coupling that can be probed reaches to roughly 7.5 × 10 , directed through magnetic field permeated region of length where the Primakoff process is executed, and then these photons are detected by detectors D1 and D2 at transverse positions 1 and 2 , respectively. The pump filter (PF) in this setup is used to clear the uncorrelated elements, and the lens placed in front of the PBS is used to focus the fractional beam in the planes containing the fixed slit (FS) and movable slit (MS), which are used to adjust the correlation distribution width [38, 39] .
The optical system can be described in detail as follows. The beam from the laser source, or pump beam, is directed through the nonlinear medium (e.g., a Barium borate crystal), where incident single photons from the beam are converted into pairs of outgoing photons via SPDC with perpendicular polarizations. These two photons are correlated due to conservation of energy and momentum and express their correlation through the probability distribution of their positions at the detectors. The photons pass through a region that is permeated by a magnetic field of B=10T along optical axis (Z-axis). The magnetic field direction is set to be perpendicular to the polarization of two perpendicularly polarized photon beams (laser pump beams) as well as perpendicular to the beam propagation direction. The photon-to-axion conversion probability is as follows, based on a previous study [33] :
where is the laser photon frequency, is the magnetic field amplitude, and is the length of the region that is permeated by magnetic field . This approximation was made with the assumption that the magnetic field is homogeneous in the region and the ALP mass is negligibly small compared with the photon frequency ( ≪ ) since ~10 −4 and ~1 . Furthermore, the length of the region is approximately 9 m. Subsequently, the correlated biphotons are split by a polarized beam splitter and directed toward two photon counter detectors with detection efficiency and position-sensing detectors with Ω pixels. The correlated position distribution varies according to the distance from the reflecting mirror, which is set on the same micro-stage as the specimen, to the focal position. The correlated position distribution p(x1,x2|Δ) of the photon pair is given by [43] [44] [45] :
where ∆ is the defocusing distance of the specimen, which will be measured; is the waist of the pump beam, which is calculated using = √9 /10 , where is the thickness of the crystal and is the wavelength of the pump beam and 10 / is the pixel width of the detector (detector width is 10 ); 1 and 2 are the transverse positions of the photons in a given pair on detectors D1 and D2, respectively; and is the spatial correlation parameter or pump radius at the BBO crystal, which is calculated using = √1 + ( ) 2 , where = 2 is the Rayleigh length, is laser beam waist at the laser source, and is the distance along the beam path between the laser source and the exit face of the nonlinear crystal, which is much larger than the thickness of the crystal ( ≫ ). (3) about distribution probability of correlated biphotons when the mirror is shifted. According to the entanglement, if a photon is signaled at position 1 , the correlated photon has peak possibility to arrive at position 2 = 2∆ − 1 . Overall, the peak probability of two entangled photons is shifted to position ( 1 , 2 ) such that 1 + 2 = 2 . In this method, the dependences of the correlated position distribution on the variances of 1 + 2 and 1 − 2 , which are defined as ϵ and σ, respectively, in equation (3 (σ is the beam waist at the slit plane, and ϵ is the beam radius at the exit face of the crystal [39] ), are examined to determine the displacement of the reflecting mirror. From the measured values of the displacement and the variance of those values, the presence of ALPs generated from the photon-to-axion conversion can be determined. Based on this formula (3), the following marginal distribution, which gives the probability distribution p(x|Δ) of the position of each photon in a biphoton pair on a detector, can be obtained:
In the case of ∆= 0, the peak of the probability distribution of the position of each photon in a biphoton pair is located at = 1 = 2 = 0. As the specimen is shifted away from the focal position, the peaks of the distributions are shifted toward 1 and 2 as long as 1 + 2 = 2∆, due to the correlation between the positions of the two photons in each pair. According to equation (2) , the probabilities that a photon in a pair will reach the left − and right + sides of the corresponding detector are, respectively, We define − and + as the numbers of photons reaching the left and right sides of the detectors, respectively, where = − + + and is the total number of photons. By applying the maximum likelihood estimation, Δ can be obtained based on the data recorded by one detector:
∆= √ ( 2 + 2 ) 8
We are actually interested in the average value of Δ calculated based on the probability distribution information obtained from the two detectors. For a large number of photons from a high-intensity laser beam, the average value of Δ can be measured by one detector. The uncertainty of this estimation is significant and can be computed using the Cramer-Rao bound of the Fisher information about ∆, I(Δ). I(Δ) indicates how much can reveal about ∆ through its probability distribution. This quantity can be obtained as follows:
where includes the probabilities of two photons arriving at the left side P(−2|∆) and right side P(2|∆) and the probability of one photon arriving at each side P(0|∆) of a single detector:
and
I(Δ) can then be obtained as
where = 2 − 2 2 + 2 is the entanglement coefficient between two correlated photons. By assigning = 0, the Fisher information for independent photons, or uncorrelated, photons, Io(Δ) can be obtained as follows:
The increase (or decrease) in the amount of information that the transverse position variable can provide about Δ when biphoton entanglement is considered, compared with those when only pairs of independent photons are considered is
According to equation (15), more information about Δ with biphoton entanglement is provided when < 0, meaning that < . Thus, a lens was placed in front of the polarized beam splitter and the pump filter was selected so that was large compared with . Satisfying the Cramer-Rao bound yields the following relation between I(Δ) and the minimum variance of Δ, Var(Δ):
Var(Δ) indicates the accuracy of the Δ measurement. Obviously, when the total number of photons arriving at the detectors increases, the measurement uncertainty decreases. Furthermore, equation (13) shows that employing biphoton entanglement is more effective and precise than using uncorrelated photons because if a certain accuracy is achieved with N correlated incoming photons, × +2arcsinξ (> ) uncorrelated photons must be investigated to obtain the same accuracy. The experiment is performed for several times to obtain a large number of measured displacement values. The variance of measured displacement ∆ over a number of measurements is computed by:
By setting this value equal to the minimum variance value obtained by the Cramer-Rao bound, the lower limit of can be computed as follows:
The detection signal-to-noise ratio, which is considered the measurement resolution is given by:
We conducted a COMSOL equation-based modeling simulation using Physics Builder tools with B=10 T, ζ=9 m, a laser power of 5 W ( =355 nm), a tunable laser pulse repetition rate of 400 kHz, a detection efficiency η of 85%, and a beam waist of 1 mm (2 = 2 ), which is changeable using the aperture. In addition, the number of detector pixels was = 50 and the thickness of the BBO crystal was 20 mm. We performed 1500 random displacement measurements. The average photon flux was approximately 10 9 photons per second. In actual experiments, the alignment of optical elements must be meticulously carried out to minimize errors induced by beam waists and deviations. Equation (18) , which is equivalent to a maximum ALP mass of approximately 1. 9 × 10 −3 eV and a signal-to-noise ratio of order 10 6 ( Figure. 3). According to figure.3, the signal-to-noise ratio fluctuated in the range from 6 × 10 5 to 2.9 × 10 6 with respect to the total number of incident photons from 10 9 to 7 × 10 9 photons per second. The sensitivity of can be improved based on equation (18) where the coupling constant is inversely proportional to magnitude of continuous magnetic field and length of the magnetic region ( ∝ ( ) −1 ). As a result, the limit on this constant for ALPs can be potentially extended into the range from 10 −13 to 10 −7 −1 that goes beyond the constraints set by astrophysics and cosmology [10, 18] (10 −15 < < 10 −11 −1 ) equivalent to the conversion probability in the order from 10 −10 to 10 −22 . Table I gives the systematic errors of the optical elements (laser source, photon detectors, and magnets) based on the specifications as well as the alignment in a real optical setup. The largest error (±0.4%) arises from the beam waists of each photon beam due to the difficulties inherent in placing the fixed slit at the focal position. In addition, the homogeneity of the magnetic field is maintained over a long distance using four parallel arrays of identical magnets (two perpendicular magnetic field vectors) that can simultaneously convert both horizontally and vertically polarized photon beams induced by the SPDC process. Furthermore, the optical paths of two correlated photon beams should be carefully considered to minimize errors in the flux of incident photons and thus reduce the noise. From Equation (8), the measured displacement of the mirror does not depend on the photon-to-axion conversion rate, and both these values yield the same average displacement value regardless of whether the magnetic field is on or off. This result indicates that although the conversion decreases the number of incident photons, the ratio
for each detector remains unchanged. We are currently planning to conduct the experiment with different reflecting mirror displacements and different magnetic field magnitudes, as well as with several types of photon counters that have better detection efficiency to decrease and emphasize the accuracy of the proposed model. The magnetic field generating system should also be improved to maintain a strong magnetic field in a long distance to realize the simulation result by optimizing the total length of multi-magnet arrays as well as materials of magnetic field sources such as wire material of single solenoids as an alternative candidate for single magnet [50, 51] . This correlated biphoton technique has the potential to be used in industrial applications due to its high displacement measurement precision. This technique should be considered a good candidate for the plethora of high-precision quantum devices that will be developed in the future. 
Conclusion:
We proposed a novel technique for detecting ALPs by treating the laser beam as a stream of photons undergoing biphoton quantum entanglement and using a COMSOL equation-based modeling simulation to examine the technique. By measuring the numbers of correlated photons reaching the left and right sides of the detectors after passing through the magnetic field region and mapping the position distributions of the incident photons, the displacement of the reflecting mirror could be computed. The values obtained from the specific number of displacement measurements indicated the presence of ALPs via photon-to-axion conversion via calculation of coupling constant. This method seems to be novel compared with existing methods [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] that have been utilized to detect new light particles at a sub-eV scale, such as QCD axions, ALPs, and chameleons. Utilizing the average positions of entangled photons appears to yield higher precision than investigating the positions of individual uncorrelated photons. The precision of this technique can reach the Heisenberg limit, providing a new approach for designing high-accuracy automatic focus detection systems in the future.
